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[57] ABSTRACT

A photomask for projecting a transfer pattern onto a
wafter having a plurality of regions with different sur-
face levels includes a transparent substrate; a shielding
member on the transparent substrate having a plurality
of patterns for projection onto respective regions of the
wafer; and an optical-path-length varying layer on at
least one of the patterns corresponding to a region of
the wafer other than a reference region of the wafer for
changing the optical path length of light transmitted
through the pattern by a length corresponding to the
difference in surface level between the corresponding
region and the reference region of the wafer. A pattern
transter method using such a photomask includes di-
recting light onto the photomask; effecting a change in
the position of the apparent object-side image surface
for at least one pattern including the optical-path-length
varying layer; and simultaneously forming on surfaces
of the wafer regions image formation planes respec-
tively corresponding to at least two patterns by image
projection using light transmitted through the patterns.

S Claims, 7 Drawing Sheets
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PHOTOMASK AND PATTERN TRANSFER
METHOD FOR TRANSFERRING A PATTERN
ONTO A SUBSTRATE HAVING DIFFERENT
LEVELS

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to a photomask and a pattern
transfer method and, in particular, to a photomask and
a pattern transfer method for transferring, in a reduction
projection exposure process, a minute pattern onto a
water having a non-planar surface.

2. Description of the related art

Generally speaking, in a reduction projection expo-
sure process, which 1s conducted to produce semicon-
ductor devices etc., a photomask is used. The photo-
mask includes a desired transfer pattern consisting of
light transmissive and light shielding portions that are
respectively transparent and opaque with respect to an
illuminating light. FIG. 5§ is a sectional view of a con-
ventional photomask 1 of this type. The photomask 1
has a transparent substrate 2 in the form of a flat plate
made of quartz or the like, and a metal layer 3 thereon
in a desired pattern. Those portions where the metal
layer 3 is present on the substrate 2 constitute the light
shielding portions, and those portions consisting only of
the transparent substrate 2 constitute the transmissive
portions which transmit the illuminating light.

A pattern transfer method using this photomask 1
will be described with reference to FIG. 6. The illumi-
nating light from a light source 4 is transmitted through
a condenser lens 5 to illuminate the entire surface of the
photomask 1. The illuminating light transmitted
through the transmissive portions of the photomask 1
projects an image of the transfer pattern of the photo-
mask 1 onto the surface of a wafer 7 through a projec-
tion lens system 6. A photoresist 9, serving as a photo-
sensitive material, previously applied to the surface of a
substrate 8 of the wafer 7 receives the image of the
pattern of the photomask 1 on a surface 94. By develop-
ing the photoresist 9, the pattern transfer 1s effected.

Assuming that the aberration in the projection lens
system 6 1s so small as to be negligible, the 1mage formed
on the surface 9a of the photoresist 9 of the wafer 7 by
the illuminating light from the flat photomask 1 1s pla-
nar. The image formation characteristics of the formed
image are maintained within a range of a predetermined
depth of focus D with respect to the direction of the
optical axis of the illuminating light. That 1s, as shown 1n
FIG. 6, satisfactory image formation characteristics can
be obtained within the range between planes S1 be-
tween which the surface 9a of the photoresist 9 1s lo-
cated.

However, when semiconductor devices are pro-
duced, a large number of layers having various patterns
are formed on a wafer substrate during circuit forma-
tion. As a result, in the reduction projection exposure
process, the surface of the photoresist, onto which the
pattern of the photomask is to be printed, cannot always
be a uniform, flat surface but may be a non planar sur-
face. For example, as shown in FIG. 7, the formation of
an insulating layer 20 on a substrate 18 of a wafer 17
may result in a step difference A having a height H,
between first and second ranges R1 and R2 having
different surface levels.

When the height H of this difference A 1s within the
range of the depth of focus D of the illuminating expo-
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sure apparatus, it is possible to obtain satisfactory image
formation characteristics in both the first and second
ranges R1 and R2 of the wafer 17. When, however, the
difference A is in excess of the range of the depth of
focus D, defocusing occurs in at least one of the ranges
R1 and R2, resulting in a deterioration in the accuracy
of the pattern transfer.

The depth of focus D varies in different illuminating
exposure apparatus. A difference A having a height of 1
um or more is often incapable of being kept within the
range of the depth of focus D, resulting 1n a deteriora-
{ion 1n transfer accuracy.

A photomask for transferring a minute pattern onto a
wafer having such a non-planar surface has been pro-
posed in Japanese Patent publication 1-147458, and is
shown in FIG. 8. As shown in the drawing, in the pe-
ripheral portions of first openings 11, which constitute
the pattern to be transterred, are second, small openings
12 for generating a phase difference. Further, phase
shift layers 13 are provided in the second openings 12.
A light 15 coming from a light source and impinging
upon the second openings 12 is changed in phase as it 18
transmitted through the phase shift layers 13 to interfere
with a light 14 transmitted through the first openings 11.
Due to this arrangement, an improvement is attained in
the degree of process tolerances. However, this in-
volves a change in the best focus position, depending
upon the difference in phase between the light beams 14
and 15. In view of this, the phase shift layers 13, in the
second openings 12, are designed to produce a phase
difference corresponding to the height of the wafer
onto which an image of the openings 11 1s to be pro-
jected. By using this photomask, it 1s possible to transfer
a minute pattern onto the entire area of a wafer having
a difference in surface level of approximately =1 um.

A problem with this photomask is that the second,
minute openings 12 for phase difference generation
have to be located in the peripheral portions of the first
openings 11 to be transferred, with the result that the
pattern formed on the photomask is very complicated.
Further, the difference in phase, which has an influence
on the best focus position within the range of 0° to 360°,
remains the same even in the range beyond 360° because
of its cyclical nature. Thus, although this photomask
utilizing phase difference, disclosed in the above publi-
cation, is effective with respect to a wafer having a
difference in surface level of approximately =1 pm or
less, it is difficult for the photomask to attain the best
focus over the entire area with respect to a wafer hav-
ing a larger difference in surface level.

SUMMARY OF THE INVENTION

This invention has been made with a view toward
eliminating the above problems in the prior art. It is an
object of this invention to provide a photomask and a
pattern transfer method which allow a minute pattern to
be transferred to a wafer with high accuracy over the
entire area of the wafer even when the wafer has a
difference in surface level that is larger than the depth
of focus.

In accordance with the present invention, there is
provided a photomask for projecting a transfer pattern
onto a wafer having a plurality of regions with different
surface levels, the photomask comprising: a transparent
substrate; a shielding member provided on the transpar-
ent substrate and having a plurality of opening patterns
respectively projected onto the plurality of regions of
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the wafer; and an optical-path-length varying layer
formed on each of the opening patterns corresponding
to those regions of the wafer which are other than a
reference region to impart to light transmitted through
this opening pattern an optical path length correspond-
ing to the difference in surface level between the corre-
sponding region of the wafer and the reference region,
thereby forming an image formation plane of each
opening pattern on the surface of the corresponding
region of the wafer.

In accordance with the present invention, there is
further provided a method of transferring a pattern onto
a wafer having a plurality of regions with different
surface levels, the method comprising the steps of: illu-
minating a photomask having a plurality of opening
patterns t0 be respectively transferred to plurality of
regions of a wafer; imparting to the light transmitted
through each of those opening patterns of the photo-
mask corresponding to those regions of the wafer other
than a reference region an optical path length corre-
sponding to the difference in surface level between the
corresponding region of the wafer and the reference
region, thereby effecting a change in the position of the
apparent object-side image surface for each opening
pattern of the photomask; and projecting an image of
each of the opening patterns respectively onto the cor-
responding regions of the wafer using the light transmit-
ted through the plurality of opening patterns of the
photomask, thereby simultaneously forming on the plu-
rality of regions of the wafer image-formation planes
which respectively correspond to these regions.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a sectional view of a photomask according
to an embodiment of this invention;

FIG. 2 1s a diagram illustrating a method of pattern
transfer by using the photomask shown in FIG. 1;

FIG. 3 1s a diagram showing a difference in the posi-
tion of the optimum image-formation plane where an
optical-path-length varying layer is provided in an
opening and where no such layer is provided;

FI1G. 4 15 a sectional view showing an example of a
wafer with a non planar surface onto which a pattern
can be transferred utilizing the present invention;

FIG. § is a sectional view showing a conventional
photomask;

FIG. 6 1s a diagram showing how pattern transfer is
conducted using the photomask of FIG. 5;

FIG. 7 1s a sectional view showing a wafer having a
non-planar surface; and

F1G. 8 1s a sectional view showing another conven-
tional photomask.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

An embodiment of the present invention will now be
described with reference to the accompanying draw-
ings.

Referring to FIG. 1, a photomask 21 according to an
embodiment of this invention includes a plate-like trans-
parent substrate 22 consisting of quartz or the like and a
metal film 23 serving as a shielding member which is
formed into a desired pattern on a surface 22a¢ of the
transparent substrate 22. The photomask 21 is used in
pattern transfer, for example, to the wafer 17 shown in
FIG. 7, which has first and second regions R1 and R2
having different surface levels. As shown in FIG. 1, the
metal film 23 is formed into first and second patterns P1
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and P2 which are to be transferred onto the first and
second regions R1 and R2, respectively, of the wafer 17.
Further, an optical-path-length varying layer 30 is dis-
posed on the surface 22a of the transparent substrate 22
in the second pattern P2. The optical-path-length vary-
ing layer 30 is a material transparent to the illuminating
light used in pattern transfer and varies, in a predeter-
mined amount, the optical path length of the light trans-
mitted through the second pattern P2.

A method of pattern transfer using the photomask 21
will be described with reference to FIG. 2. The photo-
mask 21 is arranged below a light source 24, such as a
mercury lamp, with a condenser lens system 25 therebe-
tween. Arranged below the photomask 21, on the oppo-
site side of a projection lens system 26, is the wafer 17,
which has the photoresist 19 on the substrate 18. Due to
the insulating layer 20 on a part of the substrate, the
surface of the photoresist 19 a surface level difference
A, resulting in the formation of the first and second
regions R1 and R2 having different surface levels.

The light from the light source 24 illuminates the
entire surface of the photomask 21 through the con-
densing lens system 25. Light rays L1 transmitted
through the first pattern P1 of the photomask 21 reach
the wafer 17 by way of the projection lens system 26,
projecting an image of the first pattern P1 onto the
surface of the first region R1. That is, regarding the first
pattern P1, an object-side image surface J1 is formed by
the surface 22a of the transparent substrate 22, and an
optimum image formation plane K1 is formed on the
surface of the first region R1 of the wafer 17.

Light rays L2 transmitted through the second open-
ing pattern P2 of the photomask 21 first pass through
the optical-path-length varying layer 30. In this process,
the optical path length of the light rays L2 is changed
by a predetermined amount in correspondence with the
thickness d of the optical-path-length varying layer 30.
As a result, an apparent object-side image surface J2 is
formed at a position spaced away by a distance h from
the object-side image surface J1 with respect to the first
pattern P1. The light rays 1.2, thus transmitted through
the optical-path-length varying layer 30, reach the
wafer 17 through the projection-lens system 26, project-
ing an 1mage of the second pattern P2 onto the wafer.
However, due to the fact that the position of the appar-
ent object-side image surface J2 is spaced by the dis-
tance h from the object-side image surface J1 regarding
the first pattern P1, an optimum image-formation plane
K2 based on the light rays L2 is formed at a position
different from that of the optimum image formation
plane K1 based on the light rays L1.

Thus, by previously setting the thickness d of the
optical-path-length varying layer 30 in such a way that
the the optimum image formation plane K2 based on the
light rays L2 is formed at a position spaced from the
optimum image formation plane K1 based on the first
light rays L.2 by a distance corresponding to the differ-
ence in height H between the first and second regions
R1 and R2 of the wafer 17, the optimum image forma-
tion plane K2 of the second opening pattern P2 is
formed on the surface of the second region R2 of the
wafer 17.

In this way, 1t 1s possibie to expose the surfaces of the
first and second regions R1 and R2 of the wafer 17
having the surface level difference A by simultaneously
forming the respective optimum image formation planes
K1 and K2 of the first and second patterns P1 and P2 of
the photomask 21. After that, the photoresist 19 is de-.
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veloped, thereby transferring the first and second pat-
terns P1 and P2.

It is desirable that the optical-path-length varying
layer 30 possess a high transmittance of, for example,
95% or more, with respect to the light rays L2 transmit-
ted therethrough. Examples of the matenal for the layer
include oxides, such as Si0O, or aluminum oxides, ni-
trides, such as SiN, and organic polymers, such as F-
type resins. It 1s also possible to arbitrarily combine and
laminate such oxides, nitndes and organic polymers and
use the laminated material as the optical-path-length
varying layer 30.

By way of experiment, a pattern having a predeter-
mined width was formed on a photomask for the pur-
pose of measuring the difference in position of the opfi-
mum image formation plane between the case where an
optical-path-length varying layer was provided on the
pattern and the case where no such layer was provided.
The results of the measurement are shown in FIG. 3.
The material used for the optical-path-length varying
layer was an F-type resin having a thickness d of 70 um.
In FIG. 3, the horizontal axis indicates the focus posi-
tion, and the vertical axis indicates the line width of the
photoresist. Curve 31 represents the case where no
optical-path-varying layer was provided, and curve 32
represents the case where an optical-path-length vary-
ing layer was provided. It can be seen from the drawing
that the provision of an optical-path-length varying
layer resulted in the position of the optimum image
formation plane being varied by approximately 0.6 um.

The larger the thickness d of the optical-path-length
varying layer, the greater becomes the variation in the
optical path length of the light transmitted through the
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the optimum image formation plane being shifted ac-
cordingly. Thus, even with a wafer having a surface
level difference with a height of 1 um or more, the
optimum image formation planes can be easily formed
on the surfaces of the regions of the different levels by
augmenting the thickness of the optical-path-length
varying layer. Further, even if the thickness of the opti-
cal-path-length varying layer 1s kept constant, the varnia-
tion in optical path length can be augmenied by forming
the optical-path-length varying layer from a material
having a higher index of refraction, thereby making it
possible to greatly shift the position of the optimum
image formation plane.

When transferring a continuous opening pattern ex-
tending across the step section forming the surface level
difference A simultaneously onto the first and second
regions R1 and R2 of the water 17, it 1s desirable that
the phase difference between the light rays .1 and 1.2,
which are projected onto the first and second regions
R1 and R2, respectively, be set to zero. In this arrange-
- ment, 1t 1S possible to reduce the vanation in light inten-
sity due to interference around the step section of the
water surface level difference A, where the two light
rays L1 and 1.2 overlap each other. Thus, it is possible
to effect high-accuracy transfer of a pattern extending
across the step section forming the surface level differ-
ence A. To reduce the phase difference between the
light rays 1.1 and L.2 to zero, it 1s only necessary for the
following condition to be satisfied: (n—1)d=A(2 m-+1),
where A 1s the wavelength of the light; n 1s the refrac-
tive index and d is the thickness of the optical-path-
length varying layer 30 at the wavelength A, and m
represents an integer.
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FIG. 4 is a sectional view showing, as an example of
a wafer having a surface level difference, a memory IC
as it 1s being produced. Formed on a silicon monocrys-
tal substrate 41 are a memory cell section 42 and a pe-
ripheral circuit section 43. The memory cell section 42
1s composed of a gate 44, a bit line 43, a storage node 46,
etc. The peripheral circuit section 43 1s composed of a
gate 47, a bit line 48, a cell plate 49, etc. Formed on the
substrate 41, with the memory cell portion 42 and the
peripheral circuit portion 43 1s an msulating film 30, on
which a photoresist 51 1s formed. As can be seen from
FIG. 4, the memory cell section 42 is thicker than the
peripheral circuit section 43 due to the presence of the
storage node 46, with the result that the photoresist 51
has a surface level difference B between the memory
cell section 42 and the peripheral circuit section 43.

By using a photomask according to the present inven-
tion as shown in FIG. 1, it is possible to form optimum
image formation planes of the patterns of the photomask
simultaneously on first and second regions R3 and R4
having different heights due to the difference in surface
level B. FI1G. 4 shows how contact-hole patterns 52 and
53 are respectively transferred with high accuracy onto
the first and second regions R3 and R4 of the photore-
sist S1.

When, as in the case of FIG. 4, the patterns 52 and 53,
transferred onto the first and second regions R3 and R4
of the wafer, are independent of each other, the hight
projected onto the first region R3 and the light pro-
jected onto the second region R4 do not mnterfere with
each other, so that there 1s no need to set the phase
difference between these light rays to zero.

While the above embodiment has been described
with reference to the case where the water has two
regions with different surface levels, this invention also
makes it possible for high-accuracy pattern transfer to
be effected in the same manner onto a wafer having
three or more regions whose surtace levels differ from
each other.

What is claimed is:

1. A photomask for projecting a transfer pattern onto
a wafer having first and second regions with different
surface level positions, said photomask comprising:

a transparent substrate;

first and second mask patterns, each mask pattern

including a plurality of light shielding members
disposed on said transparent substrate for projec-
tion of the first and second mask patterns onto
separate first and second regions of a wafer, respec-
tively, the first region being disposed at a first level
of the wafer and the second region being disposed
at a second level of the wafer different from the
first level: and

an optical-path-length varying layer covering the

second mask pattern, but not the first mask pattern,
for changing the optical path length of light trans-
mitted through the second mask pattern with re-
spect to the optical path length of light transmitted
through the first mask pattern by a length corre-
sponding to the difference between the second
level and the first level of the wafer.

2. The photomask according to claim 1 wherein said
first and second regions are contiguous and said optical-
path-length varying layer reduces the phase difference
between light transmitted respectively through the first
and second mask patterns to zero.

3. The photomask according to claim 1 wherein said
optical-path-length varying layer 1s one of the following
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materials: an oxide, a nitride, and an organic-type poly- difference between the second level and the first
mer. level of the wafer, thereby effecting a change in the
4. A method of transferring a pattern onto a wafer position of the apparent object-side image surface
having first and second regions with different surface for the first and second patterns of said photomask;
level positions comprising;: 5 and

illuminating a photomask having first and second
mask patterns to project the first and second mask
patterns onto corresponding first and second re-
gions of a wafer, respectively, the first region being
disposed at a first level of the wafer and the second 10

region being disposed at a second level of the wafer rask. _ | ‘
different from the first level; 5. The method according to claim 4 wherein the

changing the optical path length of light transmitted difference in phase between the light transmitted
through the first mask pattern but not the second through the first and second mask patterns is zero.
mask pattern by a length corresponding to the 15 ~ * * % * x

projecting an image of each of the first and second
patterns onto the first and second regions of the
wafer, respectively, with light transmitted through
the first and second mask patterns of said photo-
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